In vitro toxicological effects of zinc containing nanoparticles with different physico-chemical properties.
Introduction
Despite the extensive use of nanomaterials (NMs) today, there is still a limited understanding of nanoparticle (NP) mediated toxicity. Indeed, there are many uncertainties about the properties of these materials and how they may affect the biological systems . NMs can induce toxicity through their physical properties e.g. size, curvature, shape, and surface characteristics such as charge, functionalized groups, and free energy (Cedervall et al., 2007) . When NMs are introduced in biological systems, NMs dynamically interact with all the encountered biomolecules and form the bio-corona that is also highly dependent on physical properties of NMs. Finally, NM surrounded by bio-corona will contact with the cells (Neagu et al., 2016) .
Exposure to NMs is usually occurring in occupational settings but is also inevitable in environment.
Zinc is an excellent example of NM, which occurs in both of those settings. A round 100 000 tons of zinc oxide (ZnO) produced annually for e.g. rubber and concrete applications, solar cells, sunscreens and emission gas treatment catalysts etc. (Colvin, 2003; Klingshirn, 2007) . Moreover, Zn nanoparticles (NP) are formed and released in ambient air unintentionally in heavy industries (Al-Masri et al., 2006) , in transport from brake linings (Hjortenkrans et al., 2007) and in combustion processes .
To date, there are several studies that have linked ambient particulate matter (PM) toxicity to small particle size and large reactive surface area as well as individual chemical compositions of PM e.g. zinc (Gao et al., 2005; Jalava et al., 2015; Wu et al., 2013) . Similarly to ambient PM (Schaumann et al., 2004) engineered NMs can cause pulmonary inflammation and symptomatic responses in the lung through increased inflammatory mediator production (Andujar et al., 2014) .
Moreover, exposure to many engineered metal NPs and unintentionally generated metal rich NPs A C C E P T E D M A N U S C R I P T 4 produces reactive oxygen species (ROS) and oxidative stress in cells and animals (Tao et al., 2003; Zhu et al., 2008) . Another property of NPs that induce toxic activities is the release of reactive ions when thermodynamics favor particle dissolution in a suspending medium or biological environment (Franklin et al., 2007) . Although it is known that ZnO particles are toxic to mammalian cells in vitro and the human lung in vivo, the mechanisms of toxicity are not fully understood. For example, the contribution of sequential nano-bio-interface to dissolution and toxicity is still under debate (Gatti & Montanari, 2015) .
In this study, we generated Zn containing NPs with varying chemical composition, solubility, particle shape and size. The composition and properties of the produced NPs were characterized and compared to ZnCl 2 as a reference compound. The particle shape, size and degree of agglomeration were studied with the transmission electron microscopy (TEM). The solubility of the particles in cell culture medium was measured with the atomic absorption spectrometry (AAS) and assessed using a Pitzer ion interaction model. Induced toxicity of generated NPs was analyzed using a RAW 264.7 mouse macrophage cell line. After a 24-hour exposure period, the cellular metabolic activity (CMA), production of inflammation mediators, and cell cycle were determined in order to resolve which properties of the NPs most likely explain the detected toxic effects.
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Materials for nanoparticle synthesis
The liquid precursor solutions that were used for the particle production are shown in Figure 1 shows the chemical vapor synthesis (CVS) used for generation of the particles (CVS-1, CVS-2 and CVS-3). The precursor solution was atomized using an ultrasonic nebulizer (RBI Pyrosol 7901, France). Dry nitrogen was used as a carrier gas at the flow rate of 1 L min -1 to transfer the produced droplets to the furnace through a pre-heater. The pre-heater was set to +150 ºC in order to remove the solvent from the droplets before the actual reaction zone in the high temperature furnace at 1400 ºC. The flow was fully laminar and the residence time in the furnace was 5 s. The aerosol exiting the furnace was rapidly cooled with air at a flow rate of 35 L min -1 using a porous tube diluter (PRD). The simultaneous dilution and cooling quenched the reactions, prevented re-condensation of the solvent and decreased the wall deposition losses of the produced particles. Furthermore, FSP-1 (ZnO rods) were previously produced with flame spray pyrolysis as described in detail by Torvela et al. 2014 .
Nanoparticle production

Instrumentation and characterizations
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Particle on-line and off-line analyses
The properties of the particles produced with CVS were analyzed directly from the gas phase using on-line analyses as follows. The particle size distribution was determined using a scanning mobility particle sizer (SMPS, DMA 3081 with CPC 3775, TSI Inc.) and number concentration was measured using a condensation particle counter (CPC 3775, TSI Inc.). The properties of FSP generated particles were measured with the fast mobility particle sizer (FMPS 3091, TSI Inc.) (Torvela et al., 2014) . The concentrations determined with the FMPS and SMPS were corrected with the dilution ratios.
PM samples for toxicological and chemical analyses were collected with Dekati gravimetric impactor (DGI) on polytetrafluoroethylene (PTFE) filters (Millipore) (Ruusunen et al., 2011) . The continuous sampling for the DGI took 30 minutes so that enough mass was collected for toxicological analysis. Several sets of filters from DGI stages below 1 µm were combined into one sample presenting PM 1 (particulate mass concentration with aerodynamic diameter below 1 µm) in each studied case.
PM 1 samples for element analysis were eluted with HF/HNO 3 acid mixture and analyzed with an inductively coupled plasma mass spectrometer (ICP-MS, Perkin Elmer Elan 6000). The samples for anion analysis were eluted with deionized water and analyzed with ion chromatograph (IC, Dionex DX-120) system.
X-ray diffraction
The phase and crystallinity of nanoparticles were determined by X-ray crystallography (XRD) (Bruker D8 Discover with Cu  radiation at 40 kV and 40 mA), at 2θ between 10 and 70º. The
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A C C E P T E D M A N U S C R I P T 7 crystalline phases were analyzed using the reference data from International Center Diffraction Data (ICDD).Crystallite sizes were obtained using fundamental parameter approach fitting to the full diffractogram using Topas software.
Transmission electron microscopy
Electron microscopy samples were collected on holey carbon copper grid (S147-400 Holey Carbon Film 400 Mesh Cu, Agar Scientific) directly from the gas phase with an aspiration sampler (Lyyränen et al., 2009) . Transmission electron microscopy (TEM) and Energy dispersion spectroscopy (EDS) analyses were carried out using a JEM 2100-F (JEOL) field emission TEM equipped with Si(Li)-type detector coupled with a EDS analysator system (NS7, Thermo Scientific). The microscope was operated at 200 kV.
Assessment of nanoparticle solubility
Equilibrium model
Theoretical solubility of sample particles was assessed with an equilibrium model for the samples CVS-1, CVS-3, FSP-1 and ZnCl 2 . Unfortunately, CVS-2 could not be considered because no data for zinc succinate was available. Furthermore, the CVS-3 was considered as a mixture of ZnSO 4 and K 2 SO 4 . The calculations were done with the FactSage 6.2 software, Equilib module, which can be used for minimizing the Gibbs free energy (thermodynamic equilibrium) for multiphase multicomponent systems (Bale et al., 2002) . The calculations included solid and aqueous phases.
The aqueous solution was described using Pitzer ion interaction model available in the software.
The considered temperatures were 25 o C, for which there is the most accurate data in the Pitzer
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8 model, and 37 o C, which was the cell medium temperature. In addition, varying sample particle dosages and the inorganic constituents in the Roswell Park Memorial Institute (RPMI) cell culture medium ((Ca(NO 3 ) 2 , MgSO 4 , KCl, NaHCO 3 , NaCl, NaHPO 4 ) were taken into account in the calculations (see Supplementary file 2).
Solubility measurements
Amount of soluble Zn was measured in RPMI cell culture medium containing 10 % fetal bovine serum (FBS), 2 mM L-glutamine and 100 U mL −1 penicillin-streptomycin at three time points (30 min, 6 h and 24 h). The sample handling procedure was same as in the toxicological study set-up.
For solubility study, PM dose of 150 µg mL -1 was selected. In designated time 
Cell exposure
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Mouse RAW 264.7 macrophage cells (American Type Culture Collection, ATCC, USA) were grown in RPMI 1640 medium supplemented with 10 % heat inactivated FBS, 2 mM L-glutamine and 100 U mL −1 penicillin-streptomycin (Gibco, Paisley, UK) in a humid atmosphere of 5% CO 2 and +37 °C. One day before exposure, the cell suspension was dispensed into 6-well (5 × 10 5 cells mL −1 ) plates (Corning Inc., New York, USA), and the cells were allowed to stabilize for 24 h. A fresh complete culture medium was changed 1 h before exposure of the cells to the particles or controls. RAW 264.7 cells were exposed for 24 h to four doses (15, 50, 150 and 300 µg mL -1 ) of PM samples and ZnCl 2 . Exposure of cells was performed at least in three experiments (each experiments including samples CVS-1,2,3, FSP-1, ZnCl 2 , blank substrate, DMSO and H 2 O) according to the procedure described by Torvela et al. 2014 (experimental layout is presented in Supplementary file 3). After the exposure the macrophages were scraped from the 6-well plates.
The cell suspension was centrifuged to separate the cells from the cell culture medium. The supernatant was stored at -80 °C for the analysis of inflammatory mediators. The cells were suspended into 1 mL of phosphate-buffered saline (PBS) (Gibco, Paisley, UK) and half of them were used in the MTT assay and another half was fixed with ethanol (70% v/v, Altia, Finland) and stored at +4 °C for DNA content analysis.
Production of inflammatory mediators
The productions of proinflammatory cytokine, tumor necrosis factor alpha (TNF-α) and chemokine, macrophage inflammatory protein 2 (MIP-2) were analyzed from cell culture medium using com- 
Cell cycle analysis
Particle induced effects on cell cycle were analyzed using a CyAn ADP (Beckman Coulter Inc., Fullerton, CA, USA) cytometer or NucleoCounter NC-3000 (Chemometec Inc., Allerod, Denmark).
In the cell cycle analysis with cytometer, the fixed cells were treated 0.15 mg mL −1 of ribonuclease A and stained with propidium iodide (PI) (Sigma Aldrich Corp.) at a final concentration of 8 μg mL −1 . A total of 10 000 events per sample were analyzed. In the cell cycle analysis done using NC-3000 the fixed cells were stained using DAPI (4',6-diamidino-2-phenylindole) according to the
manufacturer's instructions (https://chemometec.com/wp-content/uploads/2015/03/994-3001-Two-
Step-Cell-Cycle-Assay.pdf).
Statistical analyses
The measured responses were compared to the control and the corresponding blank samples with regard to particle doses. The data was statistically analyzed in IBM SPSS Statistics 21 (SPSS Inc., Chicago, IL, USA). The results from the toxicological endpoints were evaluated by the nonparametric Mann-Whitney U test. Differences were considered to be statistically significant at p < 0.05.
Results
Properties of synthesized particles
The properties of the produced particles are listed in Table 1 . The mass concentration of zinc in the samples was between 103 µg mg -1 and 240 µg mg -1 based on the ICP-MS/IC analysis. The composition of the particles varied from crystalline ZnO to organic Zn salts and sulfates depending on the precursors and synthesis conditions (see Supplementary file 1). The XRD patterns of the produced powders are shown in Figure 2 . Pure zinc oxide (ZnO) with the crystallite size of 56 nm was obtained from FSP (FSP-1). The CVS-1 sample consisted mainly ultrafine ZnO particles and potassium sulphate (K 2 SO 4 ). However, the crystalline fraction of ZnO was only 5% according to the XRD analysis, which was much lower than the molar ratio obtained by ICP-MS/IC measurements (see Table 1 ). Thus, it is likely that the CVS-1 sample contained also amorphous Zn species that cannot be observed with XRD. The CVS-2 particles contained a mixture of zinc succinate Table 1 ). The agglomerates were composed of multiple single crystalline primary particles. Figure 4 shows the rod-shaped ZnO particles in the sample FSP-1. The particles had a well-constructed rod-like shape, typical for hexagonal hcp ZnO.
Solubility of the Zn species
The solubilities of Zn NPs and ZnCl 2 were modelled in three solutions; pure water, water with 0.9 % NaCl and the RPMI cell culture medium using Pitzer model. The cell medium contains particularly high concentrations of NaHCO 3 (2000 mg L -1 ), which can lead to ZnCO 3 precipitation, and decrease the solubility of zinc introduced in zinc salts ( Table 2) . Solubility of CVS-1, CVS-2, FSP-1 and ZnCl 2 measured in three time points with AAS method is presented in Figure 5 . In this study, all samples increased cell death and inflammation in a concentration-dependent manner when the same mass concentrations of NPs and ZnCl 2 was used ( Figures 6 and 7) . The studied samples induced a concentration-dependent decrease in the CMA detected with MTT test ( Figure 6 ). It is noteworthy that all of the samples and concentrations produced statistically significant declines in CMA when the responses were compared to the corresponding control. There was only minor effect in CMA with the lowest concentration (15 µg mL -1 ) of NPs and ZnCl 2 .
However, with the second concentration (50 µg mL -1 ), there was significand difference between FSP-1 and ZnCl 2 and the rest of the samples. Those two samples were clearly causing more decrease in CMA then other samples. When third concentration (150 µg mL -1 ) was introduced to RAW 264.7 cells also CVS-3 samples decreased CMA dramatically. CVS-2 sample caused least degrease in CMA.
Studied samples triggered a statistically significant production of the proinflammatory mediator TNF-α and chemokine MIP-2 production ( Figure 7) in RAW 264.7 macrophages. CVS-2 NPs evoked the highest measured TNF-α production. All other samples were closely in same level. In contrast, the most intensive MIP-2 production among samples was evoked by the FSP-1 particles.
Toxicological profiles of NPs based on Zn concentration.
The zinc concentration based doses were calculated by multiplying the particle mass doses, with zinc mass concentration in particles, determined by ICP-MS (Supplementary files 5 and 6).
Cellular metabolic activity:
All of the studied Zn NP samples decreased the CMA (Figure 8 ), when similar Zn concentrations were applied to RAW 264.7 cells. Relatively low decrease in CMA was
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14 observed after 24 h exposure of the cells with the CVS-1 and CVS-2 NPs. Although, those samples induced significant reduction in CMA when the response was compared to control. CMA sharply decreased to ca. 6 % and 4 % compared to control with the CVS-3 and ZnCl 2 samples. Response to FSP-1 sample was between of CVS-3 and ZnCl 2 samples (CMA 26 %). Difference between the highest measured CMA (CVS-1, CVS-2 and FSP-1) and the lowest (CVS-3 and ZnCl 2 ) was statistically significant.
Cell cycle phases: Effects of Zn NPs on macrophages cell cycle distribution is shown in Figure 9 .
Most of the cell population was in the G 1 phase in the control group (Figure 9 A) .When Zn containing NPs and ZnCl 2 was administered to cells significant increase of the cell population in S-G 2 /M phase ( Figure 9B ) was noted, accompanied by a decrease of cell population in the G 1 phases. These results suggest that the S-G 2 /M cell cycle arrest was induced by the treatment with Zn containing samples. Only exception for this was CVS-2 particles, with cell cycle effects near to control level.
Inflammation: TNF-α and MIP-2 concentration after 24 h exposure of RAW 264.7 macrophages is shown in Figure 10 . Only CVS-2 NPs induced a significant TNF-α production in the macrophages (Figure 10 A) . Similarly, the most intensive MIP-2 production (Figure 10 B) among NP samples was also evoked by the CVS-2. In contrast, the lowest MIP-2 response was detected when RAW 264.7 cells were exposed with ZnCl 2 and CVS-1 NPs. However, when dose response of Zn containing particles was observed (Figure 7 B) , FSP-1 particles produced the highest MIP-2 response (up to 3 ng mL -1 ) among all samples. Moreover, RAW 264.7 cells produced IL-12p70 cytokine (Supplementary file 8). Highest response was detected after CVS-2 NPs exposure.
4-DISCUSSION
Effect of physico-chemical properties to toxicological response
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NPs structure
The physicochemical properties of the particles including chemical composition, solubility, particle shape and size are known to affect the toxicological effects of the particles (Buesser & Pratsinis, 2012) . Especially the nano-sized particles are likely to interact with biological systems, since more atoms are located on the particle surface (Krug & Wick, 2011) . In this study, the particles produced with the aerosol methods could be divided in four different groups based on their composition, size scale with various morphologies and compositions (Wang, 2004) .
NPs and ZnCl 2 induced cytotoxicity
The modeled and measured release of Zn 2+ in cell culture medium were on a similar range with the literature (0.4 -4.7 µg mL -1 ) (David et al., 2012; Reed et al., 2012; Xia et al., 2008) . ZnO is able to dissolve in cell culture media to release zinc ions, but another major conclusion of previous research is that ZnO nanoparticles are internalized into cells prior to dissolution (Gilbert et al., 2012; Xia et al., 2008) . Overall, the cell culture medium is playing a key role due to dissolved salts and proteins, which for instance have vast impact to the dissolution rate of metal oxides (Ma et al., 2013; Sobel & Theophall, 2010) . Another impact of proteins is formation of bio-corona on the surface of NPs. Biocorona could even be one defining factor when toxicity of NPs is studied (Neagu et al., 2016) .
Moreover, zinc salts can release Zn 2+ ions relatively fast in cell culture medium but are very likely to be precipitated due to ZnCO 3 formation. This assumption is supported by our solubility model
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16 and measurements. However, it should be noted that equilibrium in the solution might be slow to reach and according to some studies on ZnO nanoparticle solubility, it may take several days (Yang & Xie, 2006) , while in our experiments 24 h time point was used. In addition, the medium contains various amino acids, vitamins and phosphates which may have effects on Zn solubility (Sobel & Theophall, 2010) . However, this cannot be taken into account in the calculations because the model includes no data for organic compounds in question, as well as for solid Zn phosphate.
Zn containing NPs and ZnCl 2 displayed significant cytotoxic effects in dose dependent manners on RAW 264.7 cells. Moreover, toxicity was clearly related to dissolution of zinc salts (CVS-3 and
ZnCl 2 ). The decrease in CMA was clearly higher with soluble particles (CVS-3 and ZnCl 2 ) than with the insoluble particles when samples with similar Zn concentrations were compared. However, also large FSP-1 particles and small ZnO containing NPs (CVS-1) exhibited cytotoxic activities.
Detected effects are most likely result from zinc ion or its oxide since we did not detect any toxicity with sulfur or potassium particles in our previous study (Torvela et al., 2014) . Thus, it seems that free Zn ions are the most harmful to cells energy production. Indeed, alterations in Zn 2+ homeostasis has been related to powerful stimulatory effects on multiconductance cation channels in the inner mitochondrial membrane (Yin et al., 2012) . Moreover, a loss of Zn 2+ homeostasis in cells may result as decrease of CMA (Wiseman et al., 2007) . In addition to homeostasis, the mechanism by which FSP-1 particles manifest their toxicity may be related to internalization inside cells. After phagocytosis particles are transported in lysosomes. Under the acidic conditions in the lysosomes, the particles are dissolved causing the increase in Zn concentration inside cells (Xia et al., 2008; Gilbert et al., 2012) . This mechanism may cause similar effects as seen with more soluble particles.
NPs effects on cell cycle
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The treatment of RAW 264.7 cells with Zn containing NPs and ZnCl 2 resulted in a remarkable S-G 2 /M cell cycle arrest, suggesting the DNA damage or disruption of mitotic spindles (Bertoli et al., 2013; Takenaka et al., 1998; Thorn et al., 2001) . In previous studies with ZnO NPs, Yin and coworkers (2012) reported that the exposure of RSC96 Schwann cells to ZnO NPs results in the accumulation of cells in the G 2 /M phase in a dose dependent manner. Könczöl et al. (2009) found that zinc sulfate caused increase of cell population in the G 2 cell cycle phase in human alveolar epithelial cells (A549) at similar Zn concentrations as used in this study. Moreover, in our previous study, exposure to zinc rich wood combustion emissions lead to S-G 2 /M cell cycle arrest in RAW 264.7 cells .
Our results indicate that particle size has a large impact to Zn containing NPs ability to disrupt cell cycle. For example, the small size of CVS-2 particles is likely to prevent them from phagocytosis but on the other hand they are large enough to not to be translocated inside cells by diffusion (dos Santos et al., 2011; Chithran et al., 2006) . Therefore, it is likely that measured high cell cycle arrest response with FSP-1 and ZnCl 2 samples was induced by different mechanism. FSP-1 particles are phagocytosed because of their large size (crystalline size 56 nm). After phagocytosis, particles are transported into the lysosomes where they are dissolved in acidic conditions (Xia et al., 2008) , leading to increased Zn 2+ ions concentration inside the cells. Instead, ZnCl 2 is instantly dissolved into medium and Zn 2+ concentration remain high before ZnCO 3 is formed in cell culture medium.
Thus, it is possible that Zn 2+ ions can enter into the cells by active transporting or via passive ion channels (Sekler et al., 2007) .
Inflammation
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18 It is shown in several previous studies that ROS generation and the induction of oxidative stress inside cells leads to Nuclear Factor-κΒ (NF-κβ) activation and production of proinflammatory cytokine TNF-α (Simón-Vázquez et al., 2016) . This is also one of the major toxicological paradigms for ambient and engineered NPs Warheit et al., 2004; Xia et al., 2006) . ROS generation can originate from the particle surface as a result of the semiconductor or electronic properties of the material as well as by the capability of some materials to disturb intracellular electronic transfer processes e.g. in the mitochondrial inner membrane. In this study the highest TNF-α response was detected with CVS-2 particles when similar Zn concentrations were compared. This NP sample contained zinc succinate and potassium sulfate. According to our previous study (Torvela et al., 2014 ) potassium sulfate is not responsible for detected inflammatory responses. Moreover, it is known that succinate has an important role in the function of inner mitochondrial membrane, and therefore it may have effect on the received results (Weiss & Kolb, 1979) . Furthermore, in a study with ambient air particles both in vivo (Happo et al., 2008) and in vitro (Jalava et al., 2009) it was demonstrated that dicarboxylic acids (succinate, malonate and oxalate) had a significant positive correlation with induced inflammatory responses. In the light of the present results, the role of succinate in inducing inflammatory responses or changes in the metabolic activity of the cells needs more investigations. However, probably the shape and the size of NPs had stronger effect on the NF-κβ activation than the chemical composition. Thus, the small crystalline size (34 nm) of CVS-2 particles may contribute to TNF-α response.
Interestingly, RAW 264.7 cells exposure to CVS-2 particles lead increased concentrations of IL-12 p70 cytokine. IL-12 p70 is involved in the differentiation of naïve T-cells into T-helper cells (Hsieh et al., 1993) . Possible immunomodulatory effects of NPs is interesting and needs more investigations in future.
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Overall, the measured inflammatory responses are well in line with the other studies. Tsou et al. (2011) showed that human pro-monocyte cell line exposed to Zn 2+ led to significant releases of inflammatory cytokines, including IL-6, IL-7, IL-8, and IL-10. In addition, Xia et al. (2008) detected significant IL-8 release from BEAS-2B cells and TNF-α response from RAW 264.7 cells after exposure to ZnO NPs. Interestingly, ZnO NPs were unable to induce IL-12 p70 response in human monocytes or human peripheral blood mononuclear cells (Feltis et al., 2012; Simón-Vázquez et al., 2016) .
Conclusions
In this study zinc containing NPs demonstrated differed toxicological profiles depending on the size, shape and solubility. Studied particles refer in realistic environmental exposure situation where nanomaterials and unintentionally generated metal rich NPs are usually part of a complex mixture.
Release rate of the Zn ions from particles and the mechanism how this occurred had a major impact on the toxicity of Zn compounds. The solubility and release of zinc ions from the NP was found to be affected by chemical form of the NPs and by the medium used in the in vitro cell studies. When Zn ions were released in cell culture medium from zinc salts reduced CMA was detected. Moreover, small and less soluble NPs significantly increased inflammation. Finally, clear cell cycle arrest was detected when Zn was released inside cells via lysosomal degradation from large ZnO NPs which were internalized easily in cells. Interestingly, when succinate containing Zn particles were studied strong cytokine response was detected, however this effect needs further investigations.
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